A ribosomal P1 protein, Pen b 26 from Penicillium brevicompactum, was previously identified as a major allergen. A homolog protein was isolated and characterized from Penicillium crustosum which is not known to be allergenic mold. A cDNA library of P. crustosum was constructed and screened using a probe based on the DNA sequence of Pen b 26. A positive clone was isolated, expressed in Escherichia coli, purified and characterized by comparing its immunological and physical properties to Pen b 26. It was designated as Pen cr 26 and had a 321 nt ORF corresponding to 107 amino acids with a MW of 11 kDa. Pen cr 26 had strong sequence homology to Pen b 26 (92% for nucleotides and 86% for amino acids) and its physical and predicted structural properties were similar to the latter. The level of expression of Pen cr 26 was much lower than that of Pen b 26 in the same expression vector. Both proteins were recognized equally well by the IgG class specific antibodies, but Pen cr 26 was poorly recognized by Penicillium-sensitive atopic sera (IgE), suggesting striking antigenic difference in IgE epitopes, i.e., 87% were positive for Pen b 26 while only 23% were positive for Pen cr 26. The allergenicity of Pen cr 26 seems to be minor in nature and it could be a hypoallergenic variant of Pen b 26.
Introduction
Acidic ribosomal proteins form the lateral protuberance (stalk) part of ribosomes. Based on sequence homology, mammals and yeast have two types of acidic ribosomal P proteins, i.e., P1 and P2 [1] , whereas, plants have a third type denoted as P3 [2] . P1 and P2 proteins are analogous to prokaryotic ribosomal L7 and L12 proteins, respectively [3] and both have unique N-terminal, with highly conserved C-terminal regions, which contain a phosphorylated serine residue [1] . Both P1 and P2 proteins bind to a neutral phosphoprotein, P0 through their N-terminal domain to form the ribosomal stalk structure [4] . These proteins are essential for the elongation stage of translation [5, 6] , interact with elongation factors Ef1 and Ef2, and their level of phosphorylation regulates the overall rate of translation [7] . The C-terminal region of all three proteins, P1, P2 and P0 show significant sequence homology [6] and they share a common C-terminal epitope, which is recognized by the same autoantibodies which are in the sera of individuals with autoimmune diseases, such as systemic lupus erythematosus [8, 9] , protozoan infections [10] , and Chagas' heart disease [11] . In addition to the common C-terminus epitope, P proteins may contain epitopes in their N-terminal regions [12] .
Several ribosomal P proteins have been reported to be allergenic according to Allergen Nomenclature. These include P1 proteins; Alt a 12 of Alternaria alternata and Cla h 12 of Cladosporium herbarum [13] and P2 proteins, Alt a 5 of A. alternata [13, 14] , Cla h 5 of C. herbarum [13, 15] , Asp f 8 of Aspergillus fumigatus [16] , Fus c 1 of Fusarium culmorum [17] and Pru du 5 of almonds (Prunus dulcis) [18] . A 60S acidic ribosomal phosphoprotein P1 was earlier isolated from Penicillium brevicompactum and characterized in our laboratory [19, 20] . Pen b 26 was also identified to be one of the major allergens of P. brevicompactum.
This study describes the isolation of a gene for 60S acidic ribosomal phosphoprotein P1 from a cDNA library of Penicillium crustosum. P. crustosum is known to be associated with food spoilage and production of mycotoxins [21] . No allergen has been previously reported in the literature associated with this organism. The cloned gene was overexpressed and purified. The purified protein's predicted structural and antigenic properties were compared with the properties of a previously purified acidic ribosomal phosphoprotein P1, Pen b 26 of P. brevicompactum [19] .
Materials and methods
Construction and screening of a cDNA library of P. crustosum An isolate of P. crustosum, strain DAOM 231275 (Pen-02-0007), was obtained from Canadian Collection of Fungal Cultures, Agriculture and Agri-Food Canada and used to isolate total RNA and to construct a cDNA library as previously described [19] . This strain was originally identified as P. viridicatum using classical taxonomic morphotyping, but was later genotyped as a strain of P. crustosum based on DNA sequence analysis.
The cDNA library was screened by plaque hybridization using a DIG-labeled probe according to the manufacturer's instructions (Roche Diagnostics, Basel, Switzerland). The probe was prepared through the use of PCR with alkalilabile, DIG-11-dUTP and internal forward (5 -ATGTCT ACCGCTGAGCTCGCTG-3 ) and reverse (5 -GCTTAG TCGAAGAGACCGAAGC-3 ) primers derived from the entire nucleotide sequence of Pen b 26. Positive clones were further screened until well isolated positive plaques were obtained.
For DNA sequencing, plasmid DNA was purified using Qiagen miniprep kit. Asymmetric PCR was carried out using fluorescein labelled ddNTPs and M13 forward and reverse primers with Big Dye Terminator version 3.1 Cycle sequencing kit (Applied Biosystems, USA) and ABI 3130XL Genetic Analyser instrumentation. The results were analysed using the software of Sequencher (Gene Codes, USA). The open reading frame was detected using GENSCAN software [22] .
Construction of the expression vector for Pen cr 26
A cDNA encoding for 60S acidic ribosomal phosphoprotein P1 from P. crustosum was amplified by polymerase chain reaction (PCR) using a pair of internal forward and reverse primers and cloned into the expression vector pTrcHis2TOPO, which had a His 6 tag at the C-terminus (Invitrogen Life Technologies, Carlsbad, CA, USA).
The forward primer (5 -ATGTCTACCGCCGAGCTCG CC-3 , the first 21 nts of the protein coding sequence of the native Pen cr 26) and a His 6 tag containing reverse primer (5 -TTAATGATGATGATGAT GATGGTCGAAGAGACCGAAGCCC-3 . The reverse complementary sequence of the last 19 nts in the 3 end of the coding sequence followed by the coding sequence of 6 His residues and the stop codon) were used for the construction of pTrcHis2TOPO-Pen cr 26 (C-His 6 tagged) vector. PCR was performed using Phusion High-Fidelity DNA Polymerase (NEB Biobars) by initial denaturation at 94
• C for 2 min, followed by 30 cycles of 30 s denaturation at 94
• C, 30 s annealing at 55
• C, and 30 s extension at 68
• C. A 5-min extension at the end of the 30 cycles was also incorporated. The construct was transformed into E. coli TOP10 strain (Invitrogen). The selected PCR clones were verified by DNA sequencing. In pTrcHis2TOPO-Pen cr 26 construct, the three external residues from the vector in the start of N-terminus and the six histidine residues in the end of the C-terminus added about 1 kDa to the size of the native Pen cr 26, to give a protein of 12.2 kDa.
Preparation of mold extracts
Crude mold extracts were prepared from P. crustosum, P. brevicompactum, Alternaria alternata and Cladosporium cladosporioides as described earlier [23] but modified in that all centrifugations were performed at 12,000 rpm and TCA was removed from the precipitation buffer. The protocol based on the boiling of the powdered, freeze-dried, mold extracts in an SDS-based buffer followed by precipitation and washing in acetone-based buffer.
SDS-PAGE and immunoblotting
SDS-PAGE and immunological analyses of Pen cr 26 were performed as described earlier for Pen b 26 unless otherwise stated [20] . Immunoblots were routinely probed with primary mouse anti-His (C-term) antibody (1/5000 dilution, Invitrogen), followed by secondary goat anti-mouse HRP conjugate (1/500 dilution, Bio-Rad) for detection of the fusion protein. The polyclonal antibody against Pen b 26 of P. brevicompactum was developed in NZ rabbits [20] . Immunoblots with specific rabbit primary antibody against Pen b 26 (1/5000 dilution) followed by secondary goat anti-rabbit IgG HRP conjugate (1/2000 dilution, Bio-Rad). For specific applications, human antibody against ribosomal P antigens (P1, P2 and P0; 1/50 dilution, Immunovision, Springdale, AR, USA) was used as primary antibody and individual atopic sera (1/3 dilution) were used as primary antibodies for immuno-screening, followed by secondary goat anti-human IgE (epsilon)-HRP conjugate (1/100 dilution, KPL, Gaithersburg, MD, USA). In a separate but similar gel, proteins were stained with Coomassie Brilliant Blue R-250 to ensure that sufficient amount of protein was present. Penicillium-sensitive atopic sera used for immuno-screening were mostly purchased from Plasma Lab International, Washington, USA. However, some of the atopic sera were also provided by a local allergist with the patients' consent.
Database submissions
The cDNA and predicted amino acid sequence of the isolated clone encoding for 60S acidic ribosomal phosphoprotein P1 from P. crustosum was submitted to GenBank under the accession number JN791438. It was also submitted to the International Union of Immunological Societies, Allergen Nomenclature Sub-Committee and approved as a new allergen, designated as Pen cr 26.
Results
Isolation of Pen cr 26 from a cDNA library of P. crustosum and its identification as a 60S ribosomal acidic phosphoprotein P1
Pen cr 26 was isolated by screening a cDNA library of P. crustosum using a DIG-labelled probe which included the entire sequence of Pen b 26 of P. brevicompactum. The isolated positive clone was sequenced and had a predicted 321 nt open reading frame (ORF) corresponding to a polypeptide of 107 residues (Fig. 1) . Analysis of the amino acid sequence of Pen cr 26 by BLAST revealed that it was 60S ribosomal acidic phosphoprotein P1. Pen cr 26 had a strong amino acid sequence homology to P1 proteins from various fungal sources (Fig. 2) . The sequence homology between Pen cr 26 and non-Penicillum fungal P1 proteins was high at the N-terminal and the central domains as it decreased towards the C-terminus. However, the homology among Penicillum P1 proteins remained high throughout the polypeptide, except some slight decrease in the central domains. The sequence homology between Pen cr and the other two P1 proteins from P. chrysogenum and P. brevicompactum were 90% and 86% at the amino acid level and 94% and 92%, at the nucleotide level, respectively. Pen b 26 of P. brevicompactum was previously cloned and studied in our laboratory [19, 20] , and therefore, Pen b 26 was used as a comparative model for the characterization of Pen cr 26 therein. Because both proteins were expressed from the same expression vector, pTrcHis2TOPO and are probably orthologs based on sequence homology, it was possible to directly compare these two proteins.
Cloning and expression of Pen cr 26 in E. coli
The PCR fragment of Pen cr 26 was ligated into pTrcHis2TOPO vector and expressed as a C-His 6 tagged protein in E. coli after induction with IPTG. The timecourse of the expression of Pen cr 26 was monitored following induction with IPTG. The purified protein was visualized after SDS-PAGE with Coomassie Brilliant Blue R-250 (CBB) stain and immunoblot hybridization with specific antibody for C-His 6 tag. The production of Pen cr 26 was maximized after 2 h of induction and there was some decrease in the level of expression thereafter as observed by immunoblot analysis (Fig. 3) . However, the expression of Pen cr 26 in CBB stained SDS-PAGE gel could not be visualized due to its low level expression and the masking by the presence of other proteins. The purified preparation of recombinant Pen cr 26 protein was made from the cultures of E. coli after 2 h induction. Pen cr 26 protein was purified using Ni 2+ -affinity chromatography and the eluted fractions were monitored by SDS-PAGE. At the end of the purification procedure, about 1 mg purified protein was obtained per liter culture. Whereas, approximately 75 mg/L protein was produced from the same vector expressing Pen b 26 and at least 15 mg of that was purified [20] . Despite its small quantity, the purity of Pen cr 26 was good and comparable to that of Pen b 26 (Fig. 4A) .
Comparison of the antigenic properties of Pen cr 26 to Pen b 26
Antigenic properties of purified Pen cr 26 and Pen b 26 proteins were analyzed by immunoblotting with specific antibodies. Both proteins reacted similarly with the rabbit polyclonal antibody (IgG) raised against Pen b 26 (Fig. 4B) . Whereas, the human antibody against ribosomal P antigens which contains autoantibodies against ribosomal P proteins and bound visibly stronger to Pen b 26 than Pen cr 26 (Fig. 4C) . In this blot, goat anti-human, anti-IgE antibody was used as a secondary antibody conjugated with HRP. These results confirmed that the isolated clone Pen cr 26 had similar antigenic properties to 60S ribosomal acidic phosphoproteins. Both proteins also reacted similarly with C-His 6 tag specific (IgG) antibody (Fig. 4D) , verifying that they were the correct cloned products. Furthermore, the crude extracts of P. crustosum and P. brevicompactum were also analyzed by SDS-PAGE and immunoblotting using atopic sera (IgE) positive for Pen cr 26 (Fig. 5) . The bands corresponding to 11 kDa were detected in both crude extracts. However, the bands detected in the crude extracts of P. brevicompactum were much stronger than that of P. crustosum. In order to see if this difference was due to their relative expression, the crude extracts were also blotted with IgG class, rabbit polyclonal anti-Pen b 26 antibody (Fig. 6) . In this case, binding of both proteins to this IgG class antibody were very similar. These data indicated that the antigenic properties of both proteins differed markedly in their IgE epitopes.
Specificity of rabbit anti-Pen b 26 polyclonal antibody for 60 S acidic ribosomal phospho proteins Figure 6 also illustrates the specificity of this antibody which was tested by immunoblotting using purified ribosomal P1 proteins from P. crustosum and P. brevicompactum, their crude extracts and also non-Penicillium crude extracts from Alternaria alternata and Cladosporium cladosporioides (Fig. 6) . BSA was used as a negative control. The rabbit anti-Pen b 26 polyclonal antibody bound specifically with ribosomal P1 proteins from Penicillium sources only. The binding of the antibody to both ribosomal P1 proteins was equally well in purified forms and in their respected Penicillium crude extracts. This antibody did not recognize other analogous proteins from non-Penicillium species, Alternaria and Cladosporium and did not bind to BSA.
Comparison of the allergenicity of the Pen cr 26 to Pen b 26
Allergenicity of both Pen cr 26 and Pen b 26 were evaluated by immunoblotting using individual atopic sera from Penicillium-sensitive individuals. Of the total of 61 screened individual sera, positive reactions for Pen b 26 and Pen cr 26 were 87% and 23%, respectively (Table 1) . Furthermore, the degree of positive reactions for the atopic sera varied from strong-medium to weak (Fig. 7) . However, Pen b 26 bound more strongly to IgE antibodies than Pen cr 26 as indicated by the relative intensity of the bands. These suggested that Pen cr 26 of P. crustosum is a minor allergen, unlike Pen b 26 of P. brevicompactum, which is a major allergen. The individual allergic sera produced positive reaction for Pen cr 26 were collected from people mostly allergic to other mold species and found to be positive for Penicillium after analysis of the blood samples (Supplementary Table 1 , available online at http://informahealthcare.com/doi/abs/10.3109/13693786. 2013.813086). Although the sample size was small, most patients were middle-aged and the gender distribution was almost equal.
Comparison of the sequence analyses data and physical properties of the Pen cr 26 to Pen b 26
There were eight different locations on the polypeptide sequence where amino acids changes happened between the two polypeptides. Six of these were single residue changes: V8C, V22I, T45S, K49R, I59L and K87A. Other two changes involved six residues: ILGAAK30-35LISAAN and TAGAPA70-75SAAPAG. However, comparison of the predicted secondary structures, hydrophobicity/hydrophilicity data ( Supplementary Figures 1 and 2 , available online at http://informahealthcare.com/doi/abs/10.3109/13693786. 2013.813086) and localization of the potential phosphorylated residues (T-29 and S-97) were similar in both proteins. Comparison of the physical properties of both proteins did not show any major differences (Table 2) other than the presence of a cysteine in Pen cr 26 (Figs 1 and  2) . Besides, no size shifting was found under reducing and non-reducing conditions in SDS-PAGE analysis of purified Pen cr 26 protein (data not shown). This eliminated the possibility of an inter subunit disulfite bond. Both proteins N.B. Recombinant proteins had additional three residues (Met-Ala-Leu) in the N-terminus and 6-His tag in the C-terminus. Phosphorylated residues are not included in calculation since they are accessory to the structure.
were similarly alanine-rich, approximately 20%, which is a common property of ribosomal P1 proteins. They also had similar acidic pI values around 4.0 and strong negative charge at pH 7.0. Both proteins also had similar MWs in both native and recombinant forms, 11.0 kDa and 12.2 kDa, respectively.
Discussion
Penicillium species are known to be one of the major sources of indoor mold allergies [24] . A number of allergens were isolated from Penicillium species [25] [26] [27] [28] [29] [30] . In our laboratory, a 60S acidic ribosomal phosphoprotein P1 was first isolated from P. brevicompactum and shown to be a major allergen because of its strong IgE-binding activity [20] . The significance of 60S acidic ribosomal phosphoproteins is that they are the autoantigens of patients with certain autoimmune diseases [8] [9] [10] [11] as well as the allergens of predominantly some mold species [13] [14] [15] [16] [17] [18] [19] . Ribosomal P proteins were also described as cross-reactive fungal allergens [31] . Perhaps, this may be accounted because of their role in autoimmunity. In this study, a gene encoding for Pen b 26-like allergen protein was identified from P. crustosum which was not previously shown to be allergenic mold species. Based on sequence homology and immunological analysis, the gene product was identified as a 60S acidic ribosomal phosphoprotein P1 and designated as Pen cr 26. Strong sequence homology between Pen cr 26 and other fungal P1 proteins indicated their common origin. The sequence homology was much stronger among P1 proteins from Penicillium species which was probably diverged later from the other fungi. Most of the physical characteristics (Table 2 ) and predictive secondary structure and hydrophobicity/hydrophilicity of Pen cr 26 were similar to that of Pen b 26. It is not known why the expression of Pen cr 26 from the same expression vector, pTrcHis2TOPO was much lower than that of Pen b 26. In the past, we expressed some of the proteins at high levels in this vector while we had no expression at all in some cases. This may be related to the intrinsic properties of the individual protein. Further research is required to find the best expression system for Pen cr 26.
Small variations in the amino acid sequence of Pen cr 26 did not affect its binding to IgG class antibodies while it had a significant effect on its binding to IgE since only less than a quarter of Penicillium-sensitive atopic sera reacted with Pen cr 26 (23%) in comparison with Pen b 26 (87%) ( Table 1) . These findings give evidence that allergenic IgEbinding epitopes may be different from neutralizing IgGbinding epitopes as shown earlier for the cows' milk allergy against α s1 -casein [32] and also in β-and κ-casein although β-casein had one of its epitopes shared by both IgG and IgE antibodies [33] . However, further research is needed to determine the location of the IgE and IgG epitopes on the polypeptide, probably by site-directed mutagenesis or using more tedious epitope mapping techniques.
Screening of individual sera by immunoblot hybridization was a more laborious method than a plate assay, such as ELISA or dot blot hybridization. However, it is a more specific and reliable method because the band of interest is visualized and false positive bands of the incorrect sizes are eliminated which otherwise would generate a positive signal in a standard plate assay.
Rabbit anti-Pen b 26 polyclonal antibody seemed to be specific for Penicillium species only and discriminatory against non-Penicillium species Alternaria and Cladosporium. This antibody could be very useful to detect ribosomal P proteins from other Penicillium sources.
International Union of Immunological Societies recognizes a protein as an allergen if the protein binds IgE in atopic sera from minimum of five different individuals. Since Pen cr 26 was found to bind to IgE in at least 14 different individual atopic sera, it was accepted as an allergen. However, its IgE-binding capacity is only a fraction of its homolog Pen b 26, and therefore, Pen cr 26 should be considered as a minor allergen. The Penicillium-atopic sera used were in fact collected from individuals sensitive to several mold A lot of minor allergens have the potential to act as hypoallergens if they have weak IgE-binding capacity and strong IgG-binding capacity simultaneously. Pen cr 26 seems to be a hypoallergen and could be useful as a potential candidate for allergen-specific immunotherapy to desensitize patients against the allergy caused by Pen b 26-like ribosomal P proteins without producing anaphylactic shock while promoting the production of neutralizing IgG antibodies. A number of methods have been described in the literature to design artificial hypoallergens for developing allergen-specific immunotherapies, such as site-directed mutagenesis [34, 35] and DNA shuffling [36] . However, all these methods require advance knowledge and in vitro manipulations of IgE epitopes. Furthermore, they have to be tested in clinically in addition to in vitro studies to show their effectiveness. A mite hypoallergen, Fel d 1 has recently been tested in a mouse model and found to be a promising candidate [37] . Perhaps, identification of a natural hypoallergenic variant of the native allergens, like Pen cr 26 may be a useful candidate for allergen-specific immunotherapy.
